We propose an experimental technique to measure the neutron β decay lifetime using ultracold neutrons (UCN) produced and stored in a superfluid 4 He filled magnetic trap. UCN will be produced by inelastic scattering of cold (8.9Å) neutrons in the 4 He. The neutron β decay should result in scintillation that can be detected with high efficiency. This direct measure of the UCN number versus time can be used to determine the β lifetime. Systematic effects which include leakage of marginally trapped UCN, absorption by impurities (particularly 3 He), and inelastic upscattering, are expected to be at the 0.001% level. The expected accuracy based on counting statistics obtainable using existing cold neutron beams is at the 0.004% level.
The accurate measurement of the free neutron beta-decay lifetime (τ β ) can be used to determine parameters of the electroweak interaction which, when combined with other experimental data, can provide a test of the Standard Model. In addition, an accurate value for τ β is important for questions concerning astrophysical nucleosynthesis. [1, 2] Recently, a number of experiments have produced values for τ β with uncertainties in the range of 1 to 0.2%. Each of these experimental techniques was based on one of the following principles: the high reflectivity of ultra-cold neutrons (UCN) from carefully prepared physical surfaces in a closed material container [3] [4] [5] , two-dimensional magnetic trapping in a hexapole storage ring [6] , and the trapping of the decay protons in an accurately determined volume of a well-characterized neutron beam [7] . The present mean value is 887.4 (1.7) s (1σ confidence). [1] We propose here a new method for measuring the lifetime of the free neutron using a three-dimensional magnetic trap filled with superfluid 4 He. Central to the method is the production of UCN in the trapping region by inelastic scattering of cold (8.9Å) neutrons in superfluid 4 He (the "superthermal" process) [8] [9] [10] . As the trapped neutrons undergo beta-decay, it is expected that the energetic charged particles produced will generate scintillations in the liquid He [11] which should be detectable with nearly 100% efficiency. Thus, τ β can be directly measured, after loading the trap, by measuring the scintillation rate as a function of time. [12] We believe that spurious losses can be controlled to high accuracy. An analysis of the expected accuracy using this method, and a general experimental outline for the experiment, are also presented here. We show that in principle it will be possible to achieve a factor of at least 50 improvement in the accuracy of τ β using this new method.
Our technique has three principal advantages over the previous magnetic storage experiment: a much higher trapped neutron density by producing UCN in the trap through the superthermal process, the system is self-calibrating in that the number of neutrons in the trap can be directly inferred, and losses due to betatron oscillations are eliminated. Continuous monitoring of the number of UCN in situ via scintillation is an advantage over all previous experiments which relied on waiting and measuring the remaining neutrons (or charged particles) in the trap or container, thus requiring extrapolation to the initial density.
Our proposed method of trapping neutrons is similar to the magnetic trapping of neutral atoms. Magnetic trapping of neutral atoms employs the interaction of the atomic magnetic moment (about 1 Bohr magneton or 0.68 K/T) with a static but spatially varying magnetic field. Low field seeking states of hydrogen and some alkali metals have been trapped in a static magnetic field minimum in free space. [13] [14] [15] [16] [17] . In order to load such a conservative potential trap it is necessary to dissipate the energy of the atom while the atom is in the trapping region. In the case of the alkali metal atoms, photons were scattered from atoms to provide dissipation. The low temperatures attainable using these techniques allowed trap depths of 60 mK and lower to be used. For atomic hydrogen interatomic collisions in combination with thermalization with superfluid 4 He coated walls provided dissipation. A trap depth of about 1 K was used to obtain a high loading rate and therefore high density.
The trapping of neutrons is more difficult because the magnetic moment of the neutron (0.7 mK/T) is much smaller than the atomic (electron) magnetic moments previously considered. Laboratory fields limit the magnetic trapping well depth to about 3.5 T, corresponding to 2.5 mK for neutrons. (Early discussions on the possibilities of magnetic trapping based τ β measurements are presented by Golub and Pendlebury. [8] ) An energy dissipation mechanism to produce UCN with energy less than 2.5 mK within the trap is also required.
The "superthermal" technique for UCN production as proposed by Golub and Pendlebury [8] is a possible dissipation mechanism which could be used to load a magnetic trap with neutrons [18] . Neutrons with a critical momentum can be scattered to near rest by emission of a single phonon in the superfluid. This critical momentum, q * , is determined by the intersection of the neutron dispersion curve and the Landau-Feynman dispersion curve for elementary excitations in superfluid 4 He. The critical momentum q * corresponds to a neutron energy of 11 K, or a wavelength of 8.9Å. The rate for the inverse process, upscattering by absorption of a phonon, is suppressed by the Boltzmann factor e −11K/T where T < 1 K is the temperature of the superfluid bath. Thus, the process is analogous to the spontaneous emission of radiation from an excited atom and our proposed technique can therefore be compared to the atomic magnetic trapping experiments which relied on the scattering of resonance radiation to provide energy dissipation within the trap.
The mean free path of an 8.9Å neutron in liquid 4 He at temperatures below 1 K is in excess of 100 m. Thus, for any practically conceivable trap design, the production rate of UCN will be constant within the trap volume. The UCN differential production rate (in UCN cm
where E u is the UCN energy, Φ(E * ) is the neutron flux spectral density at E * , n the liquid He density = 2.18 × 10 22 cm −3 , σ coh is the neutron-4 He coherent cross section ≈ 1.2 barn, α ≈ 1.45 is determined by the phonon group and phase velocities, S(q * ) ≈ .15 is the liquid structure function at q * , and E * = 11 K. Given a total flux of cold neutrons at the end of a guide tube (produced in a moderator at temperature T), the flux at q * can be found by assuming the moderator produces a Maxwellian velocity distribution:
We further note that only one-half of the UCN are in the appropriate spin state so the final production rate within the trap is 0.5 times that given above.
The steady state differential UCN density (ρ u ) within the trap, barring losses other than beta-decay, is given by
To determine the total number of UCN trapped, eqn.(3) must be integrated over the trapping volume since the well depth has a spatial dependence.
We propose a trap configuration similar to that used for trapping atomic hydrogen. [20] For that trap, the trapping volume is cylindrical in shape with a diameter of about 4 cm, length of about 25 cm and depth of about 1 T. The proposed neutron trap would have a diameter of about 6 cm to better match the available neutron beams. The trapping length would be extended to about 100 cm and the depth of the neutron trap would be increased to 3.5 T. This increase in trap depth should be possible by selecting the proper superconducting wire and using state-of-the-art winding techniques. The trap described above would have a volume of ≈ 3000 cm 3 .
To good approximation, the trap potential can be modeled at follows:
where L is the effective trap length, r 0 is the trap diameter (note that UCN with r > r 0 will collide with the wall and are lost) and U m represents the magnetic field potential at r 0 . The total number of UCN trapped (N) is given by
where ρ(E) is the density of UCN with energy less than E and is determined by integrating eqn. In principle, the cylindrical tube that serves as the liquid He container, if highly polished, can serve as a light pipe and thus the scintillation light can be collected with nearly 100% efficiency. A possible experimental scheme is shown in Fig. 1 . The walls of the cell would be coated with a wavelength shifter to convert the vacuum ultraviolet scintillation light to visible light which can be transmitted through the windows. To avoid activation product background, the entrance and exit windows for the cold neutron beam will be carefully chosen; in addition, opaque light shields will be introduced during the measurement period to block the light generated by window contamination. Furthermore, since only a narrow band of cold neutrons around 8.9Å are scattered to UCN, a velocity filter can be used to eliminate a substantial fraction (> 90%) of the unused neutrons in the incident beam, and thereby reduce the activation background. With these precautions we expect beta background to be due primarily to the activation of the cell walls by scattered neutrons. With the use of appropriate materials, we expect a maximum background rate of 10 −2 Hz while running steady-state. This leads to an error of less than 10 −5 in τ β . Use of pulse height/width differentiation of the neutron beta-decay scintillations from gamma and activation product background will greatly enhance discrimination and remains to be fully investigated.
There appear to be five principal sources of systematic error, all of which are controllable to the level we are interested in. First, 3 He dissolved in the superfluid bath can absorb neutrons. Based on the thermal cross section of 5330 barns, we find that ultrapure 4 He with a fractional 3 He content of 10 −15 , as is possible by employing the heat flush technique developed by Hendry and McClintock [21] , gives an absorption loss time of 10 5 τ β . The density of other impurities, such as colloidal water or hydrogen, is expected to be very small at the anticipated temperatures of less than 1 K, and could in principle be removed by filtering the superfluid through a superleak.
Second is inelastic upscattering of the UCN. The dominant process at temperatures less than 1 K are two-phonon processes [22] (the one-phonon upscattering rate is negligible) which depends on temperature as
To achieve an upscattering lifetime of 10 5 τ β requires T<150 mK which can be easily achieved with a dilution refrigerator. In principle, the cell could be lined with 6 Li loaded glass or plastic scintillator to detect UCN scattered out of the trap. It should be possible to pulse height/shape discriminate such events from scintillations which take place in the liquid.
Third is the possibility that neutrons with total energy greater than the trap depth may be temporarily contained in the trap. For example, a neutron in a circular orbit (with its plane perpendicular to the trap axis) can gradually turn into an elliptical orbit (due to angular momentum nonconservation in an angular dependent field) and thus reach a greater distance from the origin. Such orbits, which can lead to additional time dependent losses, are expected to be near the edge of the trap. A mechanical scraper or RF radiation tuned to resonance near the trap edge [23] could be used to remove neutrons in such orbits.
Losses due to betatron oscillations are impossible in a three dimensional conservative trap. To eliminate losses due to Majorana transitions [24] we propose a trap that has no region of zero field. An additional axial field of order 0.2 T will suppress the rate of spin changing transitions to the untrapped state to < 10 −5 τ β −1 . The reduction of trap phase space due to this field is insignificant.
Finally, the counting rate is sufficiently high that pile-up losses can be significant. The expected initial counting rate is N/τ β ≈ 2.5kHz while the scintillation pulse duration is expected to be on the order of 20 ns, giving a fractional pile-up loss of 6 × 10 −5 . Thus, the pile up loss must be corrected for at the level of 10% accuracy, a fairly straightforward procedure, but one that requires that the pulse counting system be very carefully designed.
The dominant source of error in τ β will be statistical down to the 10 −5 at which point the various systematic errors discussed will begin to become significant. The statistical error can be estimated from the number of neutrons loaded in a trap cycle. We estimate this to be N = 7 × 10 5 assuming the thermal flux existing at ILL, leading to a lifetime accuracy of 10 −3 in one filling and decay cycle. 10 3 trapping cycles represents a reasonable measuring period (about 40 days of running), resulting in a lifetime accuracy of about 4 × 10 −5 , while the current accuracy is limited to 2 × 10 −3 .
In conclusion, we have described a new experimental method to measure the neutron β decay lifetime using ultracold neutrons (UCN) produced and stored in a superfluid 4 He filled magnetic trap. Analysis of possible systematic errors shows that a factor of 50 improvement over current accuracy should be possible using available neutron sources.
